High glucose inhibits renal proximal tubule cell proliferation and involves PKC, oxidative stress, and TGF-β1  by Park, Soo-Hyun et al.
Kidney International, Vol. 59 (2001), pp. 1695–1705
High glucose inhibits renal proximal tubule cell proliferation
and involves PKC, oxidative stress, and TGF-b1
SOO-HYUN PARK, HYUN-JU CHOI, JANG-HERN LEE, CHANG-HOON WOO, JAE-HONG KIM,
and HO-JAE HAN
Department of Veterinary Physiology, College of Veterinary Medicine, Hormone Research Center, Chonnam National
University, Kwangju; Department of Veterinary Physiology, College of Veterinary Medicine, Seoul National University, Seoul;
and Department of Life Science, Kwang-Ju Institute of Science and Technology, Kwangju, Korea
High glucose inhibits renal proximal tubule cell proliferation early abnormalities detected after the onset of diabetes
and involves PKC, oxidative stress, and TGF-b1. [3]. While hyperglycemia is a known factor that changes
Background. The alteration of renal cell growth is one of proximal tubular cell growth, the mechanisms by whichthe early abnormalities in the diabetic nephropathy. However,
glucose can cause an alteration in renal proximal tubulethe effects of high glucose and its action mechanism in renal
cell (PTC) proliferation are poorly understood. In manyproximal tubule cell (PTC) proliferation have not been eluci-
dated. types of cells, including microvascular endothelial cells
Methods. The effects of 25 mmol/L glucose on cell prolifera- and mesangial cells, high glucose inhibited cell prolifera-
tion, thymidine, and leucine incorporation, cell cycle, and lipid
tion [4, 5]. Although glucose is the major energy sourceperoxide formation were examined in the primary cultured
for most mammalian cells and provides much of the massrenal PTCs.
Results. Glucose 25 mmol/L inhibited [3H]-thymidine incor- of macromolecular synthesis, excessive glucose can be
poration and decreased cell growth. However, it increased [3H]- transported intracellularly and metabolized to change
leucine incorporation and protein content. Furthermore, 25 the redox potential, increase sorbitol production via al-mmol/L glucose increased lipid peroxide formation. These ef-
dose reductase, lead to an increase in reactive oxygenfects of glucose were blocked by antioxidants, vitamin E,
species (ROS) production as well as to the attenuationN-acetylcystein, or taurine. Staurosporine and H-7 totally
blocked 25 mmol/L glucose-induced lipid peroxide formation of free radical scavenging molecules, or it can alter signal
and had an inhibitory effect on [3H]-thymidine incorporation. transduction pathways such as the activation of diacyl-
Indeed, 25 mmol/L glucose increased the translocation of pro- glycerol (DAG) and protein kinase C (PKC) levels [6–8].tein kinase C (PKC) from cytosolic fraction to membrane frac-
Reactive oxygen radicals induced by high glucose di-tion. In addition, high glucose increased the secretion of trans-
forming growth factor-b1 (TGF-b1) via the PKC-oxidative rectly promote cell lipid peroxidation. The destruction
stress pathway, and TGF-b1 inhibited [3H]-thymidine incorpo- of membrane lipids and the end products of such lipid
ration in a dose-dependent manner. peroxidation reactions is especially dangerous for the
Conclusions. High glucose inhibits renal PTC proliferation
viability of cells, even tissues [9, 10]. In mesangial cells,via PKC, oxidative stress, and the TGF-b1 signaling pathway.
it has been reported that high glucose can cause lipid
peroxidation, and that the antioxidants taurine and vita-
min E reversed the antiproliferative effect of high glu-Most studies of diabetic nephropathy have focused
cose [11]. In addition, DAG-PKC activation could beon functional and structural changes in the glomerulus.
responsible for the hyperglycemia-induced renal dys-Recent reports suggest that changes within the tubuloint-
function in diabetes [12, 13]. In our previous report, weerstitium play an important role in determining the out-
also demonstrated that oxidative stress and PKC arecome of diabetic nephropathy [1, 2]. In the tubulointers-
involved in the high glucose-induced inhibition of Na/titium, altered proximal tubular cell growth is one of the
glucose cotransport [14]. Clinical studies are now being
performed to clarify the pathogenic roles of the DAG-
Key words: protein kinase C, transforming growth factor-b1, cell signal-
PKC pathway in developing renal complications in dia-ing, renal cell growth, diabetic nephropathy, tubulointerstitium, lipid
peroxidation. betes patients. Recent studies demonstrate that TGF-b
is a key factor in experimental models of diabetic kidneyReceived for publication March 8, 2000
disease, as well as in patients with diabetic nephropathyand in revised form November 22, 2000
Accepted for publication November 29, 2000 [15, 16]. These reports suggest that oxidative stress, PKC,
or transforming growth factor-b1 (TGF-b1) is consid-Ó 2001 by the International Society of Nephrology
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ered to be a common intracellular signal pathway of minutes, and then washed twice in 5% TCA. The acid-
insoluble material was dissolved in 2 N NaOH at roomdiabetic complications, including nephropathy.
temperature and counted for radioactivity by liquid scin-Tissue culture has been used to examine the mecha-
tillation counting. All experiments were performed innism of high glucose-induced cell response in the PTCs.
triplicate. Values were converted from absolute countsThese cell culture systems include immortalized cell lines
to the percentage of control to allow for comparisonsuch as the porcine LLC-PK1 and opossum kidney cells.
between experiments.However, these systems appear to have abnormal growth
characteristics and lose some of their phenotypical fea-
Cell growth studiestures. On the other hand, the primary rabbit kidney PTC
To examine the effect of high glucose on the growthculture system, which was utilized in this report, retains
of PTCs, purified rabbit kidney proximal tubules werein vitro the differentiated phenotype typical of the renal
inoculated into 35 mm plastic dishes containing DMEM/proximal tubule, which includes a polarized morphology,
F12 supplemented with three growth supplements. Peri-apical membrane proteins (leucine aminopeptidase and
odically during the growth period, the culture dishesgamma glutamyl transpeptidase), distinctive proximal
were removed at an indicated day. The cells were de-tubule transport systems (the Na1/glucose cotransport
tached from the culture dishes utilizing 0.05% trypsin/system), as well as hormone responses [17, 18]. As ob-
0.5 mmol/L ethylenediaminetetraacetic acid (EDTA) so-served with renal PTCs in vivo, the primary PTC cultures
lution, and the proteolytic action was then inhibited byhave a parathyroid hormone (PTH)-sensitive adenylate
soybean trypsin inhibitor (0.05 mg/mL). The cell suspen-cyclase. In the renal cortex, not only is a responsiveness
sions were diluted with PBS, and the cell number wasto PTH observed, but in addition, arginine vasopressin
determined utilizing a Coulter Model ZF Particlehas a similar effect on cAMP production, due to a small
counter. All experiments were performed in triplicate.number of distal tubule cells in this preparation. How-
ever, the PTCs do not respond similarly to arginine vaso- Lactate dehydrogenase assay
pressin by producing cAMP, indicating that this culture
Cell injury was assessed by lactate dehydrogenasesystem is highly purified with respect to renal PTCs.
(LDH) activity. The level of LDH activity in the mediumTherefore, PTCs in hormonally defined, serum-free cul-
was measured by using a LDH assay kit. For measure-ture conditions would be a powerful tool for studying
ment of LDH activity, PTCs were treated with 10, 25,the effect of high glucose on proliferation of renal PTCs
or 50 mmol/L glucose or mannitol for 72 hours. LDH[14, 19]. Thus, we examined the effect of high glucose
activity was expressed as Wroblewski units per micro-
on PTC proliferation and, furthermore, the involvement gram of protein.
of oxidative stress, PKC, and TGF-b1 in this action.
Trypan blue exclusion assay
For measurement of trypan blue exclusion assay, PTCsMETHODS
were treated with 10, 25, or 50 mmol/L glucose for 72Isolation of rabbit renal proximal tubules and
hours. The cells were detached from the culture dishesculture conditions
utilizing 0.05% trypsin/0.5 mmol/L EDTA solution, and
Primary rabbit renal PTC cultures were prepared by proteolytic action was then inhibited by soybean trypsin
the method of Chung et al [18]. The PTCs were main- inhibitor (0.05 mg/mL). Then, 0.4% (wt/vol) trypan blue
tained in hormonally defined, serum-free Dulbecco’s solution (500 mL) was added to the cell suspension, and
modified Eagle’s medium (DMEM)/F12 media con- the cells were counted, keeping a separate count of blue
taining three growth supplements (5 mg/mL insulin, 5 cells, using a hemocytometer under light microscopy.
mg/mL transferrin, and 5 3 1028 mol/L hydrocortisone) Cells failing to exclude the dye were considered nonvia-
as described previously [14, 20]. ble, and the data were expressed as a percentage of
viable cells.
[3H]-thymidine and [3H]-leucine incorporation
Protein contentWhen the fastest growing cultures were 70 to 80%
confluent, a final media change was done. Thymidine The protein content of cell lysates was then deter-
and leucine incorporation experiments were conducted mined by use of a modification of the Bradford method
as Brett et al described [21]. Cells were incubated in the [22]. Bovine serum albumin (BSA) was used as a stan-
medium in the absence or presence of various concentra- dard. Cell protein content was expressed in micrograms
tions of high glucose for 72 hours, and were pulsed with per 105 cells.
1 mCi of [methyl-3H]-thymidine or 2 mCi of [3H]-leucine
DNA cycle analysisfor 24 hours at 378C. The cells were then washed twice
with phosphate-buffered saline (PBS), fixed in 10% tri- The distribution of cells along the phases of the cell
cycle characterized by specific amounts of DNA (definedchloroacetic acid (TCA) at room temperature for 15
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as: G0-G1, diploid; S, DNA synthesis thus between dip- othreitol, 0.1 mmol/L phenylmethylsulfonyl fluoride, 10
loid and tetraploid; and G2-M, tetraploid, preceding cell mg/mL leupeptin, pH 7.5). Lysates were centrifuged at
division) and was studied in a flow-cytometric system 100,000 3 g for one hour to prepare cytosolic and total
(Cytofluorograf; Ortho Intruments, Raritan, NJ, USA). particulate fractions. To concentrate the cytosolic ly-
DNA cycle analysis experiments were conducted as Tate sates, the supernatants were precipitated with five vol-
et al described [23]. To have the necessary number of umes of acetone, incubated on ice for five minutes, cen-
cells (1 3 105) available, we used cultures growing in a trifuged (14,000 r.p.m. for 20 minutes at 48C), and the
35 mm culture dish. PTCs were treated with 5 or 25 pellet was resuspended in buffer A plus 1% Triton X-100.
mmol/L glucose for 72 hours. On the day of the experi- The particulate fractions containing membrane fraction
ment, cells were detached by trypsinization and washed were washed twice and resuspended in 50 mL of buffer A
in PBS at 48C and kept on ice. Cells were lyzed with plus 1% Triton X-100. Equal amounts of protein (20 mL
0.2% triton-X, RNA digested with 10 mg/mL RNase containing 40 mg protein) were loaded into each lane of
A, and DNA stained with 50 mmol/L propidium iodide polyacrylamide gel for subsequent immunoblot analysis.
containing 1 mg/mL RNase A. The cytofluorograph was Sodium dodecyl sulfate-polyacrylamide gel electropho-
set to display total DNA fluorescence per nucleus along resis (SDS-PAGE) was performed on 8% acrylamide
the horizontal axis and scatter (number of cell) along gels, followed by transfer to polyvinylidine difluoride
the vertical axis. The distribution of cells within phases membranes for two hours at 100 V using a Novex wet
was analyzed by the Ortho Model 2150 Computer Sys- transfer unit. Immunodetection was performed using the
tem connected to the cytofluorograph, employing the horseradish peroxidase (HRP) method. Briefly, the
“Quickfit” algorithm. membrane was blocked overnight with TBS [PBS con-
taining 0.01% (vol/vol) Tween 20] with 5% (wt/vol) non-Measurement of lipid peroxide
fat dried milk. Blots were incubated for two hours with
The levels of lipid peroxide (LPO) in the monolayer primary antibody (1:2000 for PKC) in TBS and then
cells were determined by measuring malondealdehyde for one hour with HRP-conjugated secondary antibody
content according to the method of Ohkawa, Ohishi, and prior to development using an enhanced chemilumines-
Yagi [24]. The cells were harvested and sonicated. One cence kit (ECL; Amersham Life Science, Inc., Arlington
hundred microliters of sonicated cells were mixed with Heights, IL, USA).
8% sodium dodecyl sulfate (SDS; 100 mL), 0.8% 2-thio-
barbituric acid (TBA; 200 mL), and 20% acetic acid (200 Assay for TGF-b1
mL). The mixture was heated to 958C for 60 minutes.
The active TGF-b1 concentration in 200 mL of media
After a reaction time, this mixture was cooled in ice-
collected from PTCs was measured using an enzyme-cold water. To extract the nonspecific red pigment, an n-
linked immunosorbent assay (ELISA; R&D Systems,butanol-pyridine mixture (15:1 vol/vol, 1 mL) was added,
Minneapolis, MN, USA). The total protein content ofand the mixture was shaken vigorously and centrifuged
lyzed cells was measured, and TGF-b1 was expressed byat 4000 r.p.m. for 10 minutes. The upper organic layer
percentage of control.was measured by spectrofluorometry at emission wave-
length 553 nm with excitation wavelength 515 nm; 1,1,3,3- Chemicals
tetraethoxypropane was used as a standard, and the val-
Adult New Zealand white male rabbits (1.5 to 2.0 kg)ues of LPO for samples were expressed as nmol/mg pro-
were purchased from Dae Han Experimental Animaltein. In this study, 2 mmol/L taurine was added to cell
Co, Ltd. (Chungju, Korea). Class IV collagenase andmixtures to prevent any initiation of membrane lipid
soybean trypsin inhibitor were purchased from Lifeperoxidation during the assay. An addition of 2 mmol/L
Technologies (Grand Island, NY, USA). Staurosporine,taurine to standard 1,1,3,3-tetraethoxypropane or sam-
H-7, D-glucose, mannitol, 12-O-tetradecanoylphorbol-ple did not affect its color development with the TBA
13-acetate (TPA), 1,1,3,3-tetraethoxypropane, 2-thio-(data not shown).
barbituric acid, hydrogen peroxide, N-acetylcysteine
Subcellular fractionation of cell lysate and (NAC), vitamin E, trypsin, and trypan blue were ob-
immunoblot analysis tained from Sigma Chemical Company (St. Louis, MO,
USA). TGF-b1 from porcine platelets was purchasedProximal tubule cells were grown in DMEM/F12 in
from R&D Systems. [3H]-thymidine and [3H]-leucinethe presence of 5 mmol/L glucose or 25 mmol/L glucose
were purchased from DuPont/NEN (Boston, MA,for 72 hours. Then the cells were washed twice with
USA). LDH assay kit was obtained from Iatron Lab.ice-cold PBS, scraped, harvested by microcentrifugation,
(Tokyo, Japan). Antibody to PKC was purchased fromand resuspended in 0.2 mL of buffer A (137 mmol/L
Santa Cruz Biotechnology (Santa Cruz, CA, USA), andNaCl, 8.1 mmol/L Na2HPO4, 2.7 mmol/L KCl, 1.5
mmol/L KH2PO4, 0.25 mmol/L EDTA, 1 mmol/L dithi- all other reagents were of the highest purity commer-
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cially available. Liquiscint was obtained from National
Diagnostics (Parsippany, NY, USA).
Statistical analysis
Results were expressed as means 6 SE. The difference
between two mean values was analyzed by the Student
t test. The difference was considered statistically signifi-
cant when P , 0.05.
RESULTS
Effect of high glucose on [3H]-thymidine
incorporation and cell cycle
As shown in Figure 1A, [3H]-thymidine incorporation
was inhibited from 24 hours when PTCs were treated
with 25 mmol/L glucose. However, we selected 72 hours
in order to establish the longest term and highest glucose
condition in vitro as possible. To determine the dose–
response effect of high glucose on DNA synthesis and
cell growth, when cultures were 70 to 80% confluent,
PTCs were incubated in the presence of various concen-
trations of glucose for 72 hours and pulsed with [3H]-
thymidine for 24 hours. [3H]-thymidine incorporation
markedly was inhibited by 79.1 6 3.1% or 74.1 6 3.1%
compared with control in the presence of 25 or 50
mmol/L glucose, respectively (Fig. 1B). Cell number was
also decreased by 80.3 6 4.7% or 79.3 6 3.9% in the
presence of 25 or 50 mmol/L glucose compared with
control, respectively (Fig. 1C). To determine the cell
growth stage-dependent effect of high glucose on cell
growth, PTCs were grown in the presence of various
concentrations of glucose and then counted at indicated
days or pulsed with [3H]-thymidine for 24 hours before
the indicated days. Among all time points examined
(days 5, 9, and 13), [3H]-thymidine incorporation of the
PTCs treated with 25 mmol/L glucose was inhibited by
60.1 6 5.7% or 86.4 6 6.7% compared with control at
days 9 or 13, respectively (Fig. 2A); 25 mmol/L glucose
significantly inhibited cell number compared with con-
trol at days 9 or 13, respectively (Fig. 2B). To rule out
an influence of increased osmolarity due to high glucose
concentrations on [3H]-thymidine incorporation and cell
growth, we also tested the effect of mannitol. [3H]-thymi-
dine incorporation and cell growth in monolayers treated
with 25 or 50 mmol/L mannitol for 72 hours did not
cause any decrease (Fig. 1). In addition, trypan blue
exclusion and lactate dehydrogenase (LDH), a nonspe-
Fig. 1. (A) Effects of time on 25 mmol/L glucose-induced inhibition of cific cell injury marker enzyme, release studies to exam-
[3H]-thymidine incorporation. When cultures were 70 to 80% confluent, ine the extent of cell injury with 25 or 50 mmol/L glucose
proximal tubule cells (PTCs) were grown for different times (1 to 4
days) and pulsed with 1 mCi of [3H]-thymidine for 24 hours. (B) Dose-
dependent effect of high glucose on [3H]-thymidine incorporation.
When cultures were 70 to 80% confluent, PTCs were grown in the
presence of various concentrations of glucose or mannitol for 72 hours
and pulsed with 1 mCi of [3H]-thymidine for 24 hours. (C) Dose-depen- counts were performed. Symbols are: (h) control; (j) glucose; ( )
dent effect of high glucose on cell growth. Cells were cultured as de- mannitol. Values are means 6 SE of three independent experiments
scribed in this article without pulsing with [3H]-thymidine, and then cell with triplicate dishes. *P , 0.05 vs. control.
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Fig. 3. Distribution along the cell cycle of PTCs incubated with (A) 5
or (B) 25 mmol/L glucose for 72 hours. The cell cycle stage was deter-
mined by flow cytometry. In A, G1 5 38.3%, S 5 55.7%; G2 5 5.9%.
In B, G1 5 54.5%, S 5 44.1%; G2 5 1.4%. Group data and statistics
are reported in Table 2.
Table 2. DNA histogram analysis of cell cycle as
determination by flow cytometry
Cell cycle stage %
G1 S G2
5 mmol/L glucose 28.865.3 62.963.9 8.361.5
25 mmol/L glucose 41.467.5a 46.261.2a 12.466.3
Cells were incubated for 72 hours in the presence of 5 or 25 mmol/L glucose.
Cell cycle stage was determined by flow cytometry. Values are means 6 SE
percentage area of determination for three independent experiments with tripli-
cate dishes.
aP , 0.05 vs. each control
treatment did not show significant changes at either the
control or high glucose levels (Table 1). These results
suggested that high glucose inhibits DNA synthesis and
growth of PTCs in dose- and cell stage-dependent man-
ners in vitro. In addition, when PTCs were treated withFig. 2. Time-dependent effects of high glucose on [3H]-thymidine in-
corporation and cell growth. Cells were incubated in the presence of 5 25 mmol/L glucose, the proportion of G1 cells was higher
(h) or 25 (j) mmol/L glucose for 72 hours and subsequently pulsed than in control (28.8 6 5.3% vs. 41.4 6 7.5%, P , 0.05),
with 1 mCi of [3H]-thymidine for 24 hours prior to count (A) or were
and the proportion of cells in S-phase was lower (62.3 6cultured in medium containing 5 or 25 mmol/L glucose, and then cell
counts were performed at indicated days (B). Experiments were per- 3.9% vs. 46.2 6 1.2%, P , 0.05; Fig. 3 and Table 2).
formed at days 5, 9, and 13, respectively. Values are means 6 SE of However, [3H]-leucine incorporation and protein con-
three independent experiments with triplicate dishes. *P , 0.05 vs. each
tent of PTCs grown in 25 mmol/L glucose for 72 hourscontrol.
was increased compared with control (Fig. 4).
Role of oxidative stress in the high glucose-induced
inhibition of [3H]-thymidine incorporation
Table 1. Effects of high glucose on cell viability
To examine the relationship of oxidative stress in the
LDH Cell viability high glucose-induced inhibition of [3H]-thymidine incor-
W.U./100 lg protein % of control poration, we examined the effect of high glucose on LPO
Control 29.561.2 100.061.2 formation. When PTCs were preincubated with 25 or 50
10 mmol/L glucose 25.762.2 98.862.4
mmol/L glucose for 72 hours, 25 or 50 mmol/L glucose10 mmol/L mannitol 30.463.2 102.462.0
significantly increased LPO formation by 0.65 6 0.03 or25 mmol/L glucose 30.260.9 98.264.8
25 mmol/L mannitol 27.561.5 102.860.7 0.69 6 0.03 nmol/mg protein compared with control (0.51
50 mmol/L glucose 30.260.9 98.264.8
6 0.01 nmol/mg protein), respectively (P , 0.05; Fig. 5).50 mmol/L mannitol 31.862.9 101.863.4
This effect was not due to the hyperosmolarity of thePrimary cultured renal proximal tubule cells were treated with 10, 25, 50
medium because 25 or 50 mmol/L mannitol did not re-mmol/L glucose or mannitol for 72 hours, and then the lactate dehydrogenase
activity (LDH) assay and trypan blue exclusion experiments were conducted. produce the effect of 25 or 50 mmol/L glucose on LPOValues are means 6 SE of three independent experiments with triplicate dishes.
Abbreviation W.U. is Wroblewski units. formation (Fig. 5). Figure 6A showed that H2O2 (1027
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Fig. 5. Dose-dependent effect of glucose on lipid peroxides (LPO)
formation. PTCs were treated with 10, 25, or 50 mmol/L glucose or
mannitol for 72 hours. Values are means 6 SE of four independent
experiments with triplicate dishes. Symbols are: (h) control; (j) glu-
cose; ( ) mannitol; *P , 0.05 vs. control.
were treated with 25 mmol/L glucose, TPA (100 ng/mL),
or glucose in combination with TPA for 72 hours. Figure
7A shows that TPA alone or combination with 25
mmol/L glucose increased LPO formation compared
with control. TPA-induced LPO formation was signifi-
cantly blocked by NAC, vitamin E, or taurine (Fig. 8).
In addition, staurosporine (1029 mol/L) and H-7 (1027
Fig. 4. Dose-dependent effect of glucose on [3H]-leucine incorporation mol/L) blocked 25 mmol/L glucose-induced inhibition(A) and protein content (B). Cells were incubated for 72 hours in the
of LPO formation (Fig. 7A). Therefore, we examinedpresence of 10, 25, or 50 mmol/L glucose and were subsequently pulsed
with 2 mCi of [3H]-leucine for 24 hours. Values are means 6 SE of four the relationship between oxidative stress and PKC in the
independent experiments with triplicate dishes. Symbols are: (h) 5 25 mmol/L glucose-induced inhibition of [3H]-thymidinemmol/L glucose; (j) 25 mmol/L glucose; *P , 0.05 vs. control.
incorporation. Figure 7B showed that TPA alone and
combined with 25 mmol/L glucose inhibited [3H]-thymi-
dine incorporation (67.9 6 4.5, 67.6 6 64.1% vs. control).
mol/L) significantly increased LPO formation (P , 0.05). In addition, staurosporine (1029 mol/L) and H-7 (1027
These 25 mmol/L glucose-induced increases of LPO were
mol/L) totally blocked 25 mmol/L glucose-induced inhi-
effectively blocked by pretreatment of NAC (1025
bition of [3H]-thymidine incorporation. Indeed, immu-mol/L), vitamin E (1025 mol/L), or taurine (2 mmol/L).
noblot analysis with antibody to PKC revealed that 25Therefore, in order to examine role of oxidative stress
mmol/L glucose (for 72 hours) increased translocationin the 25 mmol/L glucose-induced inhibition of [3H]-
of PKC from the cytosolic fraction to membrane fractionthymidine incorporation, we used H2O2 (1027 mol/L),
compared with 5 mmol/L glucose (Fig. 9).NAC (1025 mol/L), vitamin E (1025 mol/L), and taurine
(2 mmol/L). As shown in Figure 6B, H2O2 significantly Involvement of TGF-b on high glucose-induced
inhibited [3H]-thymidine incorporation (P , 0.05). How- inhibition of [3H]-thymidine incorporation
ever, NAC, vitamin E, and taurine prevented the inhibi-
To study the involvement of TGF-b on high glucose-tory effect of 25 mmol/L glucose on [3H]-thymidine incor-
induced inhibition of [3H]-thymidine incorporation, weporation.
measured the effect of high glucose on TGF-b1 secretion
Effects of PKC on LPO formation and in the PTCs. As shown in Figure 10A, TGF-b1 from
[3H]-thymidine incorporation PTCs increased in response to the treatment of 25
mmol/L glucose (P , 0.05). In addition, staurosporineTo examine the effects of PKC on LPO formation and
[3H]-thymidine incorporation, subconfluent monolayers or taurine blocked the high glucose-induced increase of
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Fig. 6. Effects of antioxidants and hydrogen peroxide on 25 mmol/L
glucose-induced LPO formation (A) and [3H]-thymidine incorporation Fig. 7. Effects of 12-O-tetradecanoylphorbol-13-acetate (TPA), staur-
(B). PTCs were treated with taurine (2 mmol/L), N-acetylcystein (NAC; osporine, and H-7 on 25 mmol/L glucose-induced [3H]-thymidine incor-
1025 mol/L), or vitamin E (VE; 1025 mol/L) prior to the treatment of poration (A) and LPO formation (B). PTCs were treated with stauro-
25 mmol/L glucose or were incubated with 25 mmol/L glucose alone sporine (1029 mol/L) or H-7 (1027 mol/L) for 30 minutes prior to the
or together with hydrogen peroxide (1027 mol/L) for 72 hours. Values treatment of 25 mmol/L glucose or were incubated with 25 mmol/L
are means 6 SE of three or four independent experiments with triplicate glucose alone or together with TPA (100 ng/mL) for 72 hours. Values
dishes. Symbols are: (h) 5 mmol/L glucose; (j) 25 mmol/L glucose; are means 6 SE of four independent experiments with triplicate dishes.
*P , 0.05 vs. control; **P , 0.05 vs. 25 mmol/L glucose alone. Symbols are: (h) 5 mmol/L glucose; (j) 25 mmol/L glucose; *P , 0.05
vs. control; **P , 0.05 vs. 25 mmol/L glucose alone.
TGF-b1 secretion, suggesting the involvement of the the mesangium, has been the focus of intense investiga-
tion in diabetes, tubulointerstitial injury is also a majorPKC-oxidative stress pathway in regulating TGF-b1 se-
feature of diabetic nephropathy and an important pre-cretion. To confirm the effect of TGF-b1 on [3H]-thymi-
dictor of renal dysfunction [1, 25]. The renal tubule indine incorporation, porcine TGF-b1 in different dosages
diabetes is subject to both direct and indirect pathoge-(0 to 10 ng/mL) was added to the PTCs. Figure 10B
netic influences as a consequence of its position in thedepicts that TGF-b1 (.0.1 ng/mL) significantly inhibited
nephron and its resorptive function [26]. In the present[3H]-thymidine incorporation. These results suggest that
study, PTCs treated with 25 mmol/L glucose exhibitedTGF-b is involved in the high glucose-induced inhibition
a significant inhibition of [3H]-thymidine incorporation,of [3H]-thymidine incorporation.
which was confirmed by measuring the cell number using
a Coulter counter. When human mesangial cells were
DISCUSSION cultured in 20 mmol/L glucose, there was a significant
The present study is the first, to our knowledge, to depression of cell numbers on day 8 [4], and this effect
demonstrate that high glucose inhibits renal PTC prolif- waned until day 14 of the study. This result suggests that
eration through PKC, LPO formation, and TGF-b1 sig- the decrease in cell proliferation is associated partially
with the culture duration. The PTCs used in the presentnaling pathways. Although the glomerulus, particularly
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Fig. 8. Effect of antioxidants on TPA-induced LPO formation. PTCs
were treated with antioxidants (N-acetylcystein, vitamin E, taurine)
prior to the treatment of TPA (100 ng/mL). Values are means 6 SE
of three independent experiments with triplicate dishes. Symbols are:
(h) control; (j) 100 ng/mL TPA; *P , 0.05 vs. control; **P , 0.05
vs. TPA alone.
Fig. 10. (A) Active TGF-b1 secretion by PTCs. PTCs were pretreated
with staurosporine (1029 mol/L) or taurine (2 mmol/L) for 30 minutes
prior to the treatment of 25 mmol/L glucose for 72 hours, and TGF-b1
was measured using enzyme-linked immunosorbent assay. Symbols are:
(h) 5 mmol/L glucose; (j) 25 mmol/L glucose; *P , 0.05 vs. 5mmol/
L glucose; **P , 0.05 vs. 25 mmol/L glucose. (B) The effect of TGF-b1
on [3H]-thymidine incorporation. PTCs were treated with a different
dosage of TGF-b1 (0 to 10 ng/mL) for 72 hours and were subsequently
pulsed with 1 mCi of [3H]-thymidine for 24 hours. Values are means 6
SE of three independent experiments with triplicate dishes. *P , 0.05
vs. control.
[3H]-thymidine incorporation at day 13 is statistically
Fig. 9. Effect of 25 mmol/L glucose on PKC translocation. PTCs were
different from that of day 9 in Figure 2.treated with 25 mmol/L glucose for 72 hours. (A) The amount of PKC
protein was determined by the immunoblot analysis of cytosolic (C) or On the other hand, PTCs were observed to increase
particulate (P) fraction, as described in the Methods section. The arrow in both protein content and rate of protein synthesis per
indicates the 80 kD band corresponding to PKC. The example shown
cell. These results suggest that renal proximal tubuleis a representative of four experiments. (B) Data are expressed as a
percentage of basal value in each fraction and is the means 6 SE of enlargement in diabetes results from cellular hypertro-
four experiments. Symbols are: (h) 5 mmol/L glucose; (j) 25 mmol/L phy, not hyperplasia. This is consistent with the report
glucose; *P , 0.05 vs. each control. that high glucose levels reduce PTC proliferation but
increase cell size by inducing cell hypertrophy [27]. Simi-
lar high glucose-induced inhibition of cellular prolifera-
study show growth characteristics to be in a typical loga- tion has been previously described for mesangial cells
rithmic phase on day 9 and subconfluent on day 13. In and mouse PTCs [28, 29]. The increased protein synthesis
fact, high glucose significantly affected PTC proliferation may be due to an increase of matrix component forma-
in the logarithmic growth phase compared with the lag tion such as collagen, procollagen, laminin, or fibronectin
via TGF-b [30, 31].or stationary phase. Thus, we believe that the value of
Park et al: High glucose inhibits renal cell proliferation 1703
However, Jones et al reported that high glucose en- The major source of DAG that is elevated in diabetes
is de novo synthesis from glycolytic intermediates, whichhanced cell growth and collagen synthesis via the in-
creased secretion of TGF-b1 in cultured human tu- then increases the PKC activity. Indeed, PKC activity
was increased in mesangial cells exposed to high glucosebulointerstitial cells [32]. These differences among
experiments may be due to the discrepancy of species or in glomeruli and renal cortical tissue of diabetic rats
[39, 40]. Our present studies show that the addition of(rabbit and human) or cell culture conditions. In our
investigations, only primary cultured rabbit kidney PTCs staurosporine, inhibitor of PKC, blocked the inhibitory
effect of glucose, and TPA, a PKC activator, inhibitedmaintained in medium with only three growth supple-
ments (insulin, transferrin, and hydrocortisone) were uti- [3H]-thymidine incorporation. Interestingly, hyperglyce-
mia-induced oxidative stress may mediate the adverselized. However, Jones et al employed first passage human
PTCs grown in medium containing these three growth effects of PKC-b isoforms by the activation of DAG-
PKC pathway, since treatment with D-a-tocopherol, ansupplements plus four other supplements (epidermal
growth factor, prostaglandin E1, selenium, and tri-iodo- antioxidant, was able to prevent many glucose-induced
vascular dysfunctions and also inhibited DAG-PKC acti-thyronine). According to the report of Ziyadeh et al [33]
and Rocco et al [34], high glucose is known to increase vation [7]. Thus, it is possible that some of the PKC
activation induced by high glucose could be the resultTGF-b gene expression and high glucose and TGF-b
induced inhibition of thymidine incorporation in mouse of excessive oxidants, which are known to activate PKC.
However, our results show that staurosporine and H-7renal proximal tubules. This result is very similar to our
results. Thus, we propose that the discrepancy among strongly suppressed LPO formation in PTCs exposed to
high glucose, suggesting the role of PKC in a high glu-experiments is due to the difference of species or cell
culture conditions. A decrease in PTC proliferation asso- cose-induced increase of oxidative stress. In addition,
vitamin E as well as NAC and taurine also blocked theciated with hypertonic glucose was not observed with
similar osmotic concentrations of mannitol, suggesting TPA-induced increase of LPO formation. In fact, West-
ern blots reveal that glucose appreciably increases thethat glucose may have a suppressive effect on PTC prolif-
eration that is independent of osmolarity. However, the PKC-bound membrane fraction, consistent with enzyme
activation.mechanisms by which high glucose inhibits cellular pro-
liferation are not yet precisely determined. Our previous report demonstrated that oxidative
stress and PKC are involved in the high glucose-inducedAlthough oxidative stress has already been reported
as a possible cause for several different renal diseases, alteration of renal PTC function such as the Na/glucose
cotransporter. Activated PKC may inhibit cell prolifera-little experimental evidence is available to suggest any
relationship between oxidative stress and renal PTC pro- tion through changes in activity of transcription factors
such as c-fos and c-jun as well as various growth factorsliferation [10, 35, 36]. Proposed mechanisms involved in
oxidative stress associated with hyperglycemia are glu- such as TGF-b [41, 42]. The present study shows that
high glucose may inhibit PTC proliferation by increasedcose auto-oxidation, the formation of advanced glycosyl-
ation end products, increased polyol pathway metabo- metabolism, which leads to increased oxidative stress
and activation of PKC, and results in an increased pro-lism with subsequent “pseudohypoxia,” and decreased
natural antioxidant defenses [36]. The kidney, especially duction of cytokines such as TGF-b1. Employing cell
culture studies, many reports have provided evidenceproximal tubule, is susceptible to oxidative stress, and
oxygen radicals also inhibited cell proliferation in the that up-regulation of the TGF-b system in mesangial
cells either directly (by high ambient glucose) or indi-cultured rat mesangial cells [37]. The generation of dif-
ferent kinds of active oxygen radicals can oxidize mem- rectly (through increased in oxygen radical formation)
is causally implicated in the development of diabeticbrane lipids or proteins and inactive enzymes, which
can impair cellular transport and function. These also renal disease, perhaps through activation of PKC. In the
present study, PKC inhibitor and antioxidant blocked adecrease the transport of the nucleoside across the
plasma membrane and deplete the mitochondrial adeno- high glucose-induced increase of TGF-b1. These results
are consistent with in vivo studies showing that PKCsine 59-triphosphate (ATP) to lead to a loss of cell growth
capacity [38]. In our present study, NAC, vitamin E, inhibitor or taurine ameliorates the increase of glomeru-
lar TGF-b1 mRNA in diabetic rats [43, 44]. Therefore,which are cell permeable antioxidants, and taurine, an
endogenous antioxidant, blocked the high glucose- the final mediator of high glucose action on PTC prolifer-
ation may be TGF-b, since high glucose increased theinduced increase of LPO and inhibited [3H]-thymidine
incorporation. Together these data suggest that high glu- secretion of TGF-b1 via the PKC-oxidative stress path-
way and TGF-b1 inhibited thymidine incorporation.cose may cause membrane lipid peroxidation, which may
inhibit the growth of PTCs. TGF-b1 has also been reported to stimulate matrix syn-
thesis and inhibit matrix degradation in various cell typesMany renal diseases in diabetes are known to be asso-
ciated with the activation of the DAG-PKC pathway. [33, 45]. Thus, we suggest that there is a potential link
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reduction of serum levels of transforming growth factor-beta1 cor-between elevated glucose levels and the increased PKC
relates with long-term renoprotection in insulin-dependent dia-
activity, oxidative stress, and up-regulation of TGF-b in betic patients. Am J Kidney Dis 34:818–823, 1999
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